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Available online 6 May 2014AbstractIn the last years, Magnesium alloys are known to be of great technological importance and high scientific interest. In this work, density
functional theory plane-wave pseudo potential method, with local density approximation (LDA) and generalized gradient approximation (GGA)
are used to perform first-principles quantum mechanics calculations in order to investigate the structural, elastic and mechanical properties of the
intermetallic compound MgRh with a CsCl-type structure. Comparison of the calculated equilibrium lattice constant and experimental data
shows good agreement. The elastic constants were determined from a linear fit of the calculated stressestrain function according to Hooke’s law.
From the elastic constants, the bulk modulus B, shear modulus G, Young’s modulus E, Poisson’s ratio s, anisotropy factor A and the ratio B/G for
MgRh compound are obtained. The sound velocities and Debye temperature are also predicted from elastic constants. Finally, the linear response
method has been used to calculate the thermodynamic properties. The temperature dependence of the enthalpy H, free energy F, entropy S, and
heat capacity at constant volume Cv of MgRh crystal in a quasi-harmonic approximation have been obtained from phonon density of states and
discussed for the first report. This is the first quantitative theoretical prediction of these properties.
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Magnesium (Mg), with its abundance in the Earth is
becoming an important engineering material. The last years,
significant progress was made on the science, technology and
application of magnesium and its alloys. Research on Mg
based alloys is of particular interest due to its low density
(w1.74 g/cm3) and high specific strength and stiffness than* Tel.: þ213 36 87 35 51.
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and polymer-based composites. Magnesium also possess many
other attractive properties, such as a high damping capacity,
electromagnetic shielding, thermal conductivity, good
machinability and high recycling potential [1]. Magnesium
alloys are among the lightest structural materials known and
are used in a variety of applications, particularly in automobile
industry and aerospace manufacturing [2]. The above-
mentioned features motivated us to study these alloys.
Magnesium forms a wide range of ordered intermetallic
compounds with the 4d transition metals (TM), for example
the compound MgRh was prepared by heating the elements in
stoichiometric proportion and the reaction was carried out in
fused quartz tube at 1000 C. The crystal structure of MgRh
compound was determined by X-ray powder diffraction, and it
crystallizes in B2 type structure [3]. To the best of our
knowledge, the intermetallic compound MgRh has not beenngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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work we have carried out a theoretical investigation on the
structural, elastic, mechanical and thermodynamic properties
of MgRh alloy, in order to provide a sounder basis for further
experimental and theoretical studies. Ab initio methods offer
one of the most powerful tools carrying out theoretical
investigation of an important number of physical and chemical
properties of materials with a great accuracy. The rest of this
paper is organized as follows: the computational method is
described in Section 2, the numerical results and discussions
are given in Section 3, and finally a conclusion is presented in
Section 4.
2. Computational method
Our first-principles quantum mechanics calculations are
performed with the plane-wave pseudo-potential (PW-PP)
total energy method implemented with the CASTEP (Cam-
bridge Serial Total Energy Package) simulation program [4].
This is based on the density functional theory (DFT) [5,6]
which is, in principle, an exact theory of the ground state.
We have used two approximations. First, the local density
approximation (LDA) developed by Ceperley and Adler and
parameterized by Perdew and Zunger [7,8], as well as the
generalized gradient approximation (GGA), with the new
functional of PerdeweBurkeeErnzerhof (PBE), known as
PBEsol [9], are made for electronic exchange-correlation
potential energy. Second, Coulomb potential energy caused
by electroneion interaction is described using the Vanderbilt-
type ultrasoft scheme [10], in which the orbitals of Mg
(2p63s2), Rh (4d85s1), are treated as valence electrons. The
cut-off energy for the plane-wave expansion was chosen at
340 eV and the Brillouin zone sampling was carried out using
the 8  8  8 set of MonkhorstePack mesh [11].
The structural parameter (a) of MgRh was determined
using the BroydeneFletchereGoldfarbeShenno (BFGS)
minimization technique [12]. This method usually provides
the fast way of finding the lowest energy structure.
In the structural optimization process, the energy change,
maximum force, maximum stress and maximum displacement
are set as 1.0  105 eV/atom, 0.03 eV/A, 0.05 GPa, and
0.001 A, respectively.
The elastic constants were determined from first-principles
calculations by applying a given homogeneous strain (defor-
mation) with a finite value and calculating the resulting stress
according to Hook’s law [13]. The total energy is converged to
2.0  106 eV/atom in the self-consistent calculation.
The thermodynamic properties of a crystal in a quasi-
harmonic approximation have been predicted using phonon
calculations with the linear response method.
3. Results and discussion3.1. Structural propertiesFig. 1. Crystal structure of MgRh.The atomic structure of MgRh intermetallic compound is
known to crystallize in a cubic lattice of CsCl-type structure(B2) with the space group Pm-3m (221) and the equilibrium
lattice parameter has a value of (3.099  0.002) A [3]. The
unit cell structural model of the MgRh compound is built
according to the experimental data [3], as shown in Fig. 1. The
crystal structure was optimized at first. The obtained results of
calculated lattice parameter a of MgRh intermetallic com-
pound using the (PW-PP) method within both the LDA and the
GGA-PBEsol approximations are 3.053 A and 3.101 A
respectively. One can see from the present results that the
calculated lattice constant a is 1.4% smaller than the experi-
mental value using LDA and it is only 0.06% higher than the
experimental value using GGA-PBEsol. Our calculated equi-
librium lattice parameter agrees very well with the experi-
mental data, above all in GGA approximation.3.2. Elastic and mechanical propertiesElastic constants are very important material parameters.
Evident and direct application of elastic constants is in the
evaluation of elastic strains or energies in materials under
stresses of various origins: external, internal and thermal [14].
The elastic constants can also provide information on the
stability, stiffness, brittleness, ductility, and anisotropy of a
material and propagation of elastic waves and normal mode
oscillations. Moreover, knowledge of the values of elastic
constants is crucial for a sound understanding of the me-
chanical properties of the relevant material.
The elasticity of a cubic crystal is specified by the three
independent elastic constants C11, C12 and C44. In this work,
the calculated elastic constants of MgRh compound at zero
pressure and temperature are presented in Table 1. For a cubic
crystal, the obtained elastic constants meet the requirements of
mechanical stability criteria: C11 > 0, C44 > 0, C11eC12 > 0,
C11 þ 2C12 > 0 and C11 > B > C12. From Table 1, one can see
that the elastic constants of MgRh compound satisfy all of
these conditions, suggesting that the structure of MgRh is
mechanically stable. The elastic constants values calculated
using the LDA approximation are slightly higher than those
obtained with the GGA-PBEsol approximation. To the best of
our knowledge, there are no experimental and other theoretical
data in literature for the elastic constants (Cij) of MgRh for
comparison, so we consider the present results as prediction
study which still awaits an experimental confirmation. The
Table 1
Calculated values of the elastic constants Cij (GPa), bulk modulus B (GPa),
shear modulus G (GPa), Young’s modulus E (GPa), Poisson’s ratio s,
anisotropy factor A and B/G of MgRh compound.
C11 C12 C44 B G E s A B/G
This work
LDA 186.99 113.69 81.80 138.12 59.27 101.02 0.38 2.23 2.33
GGA 172.45 102.22 77.41 125.63 56.36 96.37 0.37 2.20 2.23
Exp. e e e e e e e e
Other e e e e e e e e
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ties of materials such as bulk modulus (B), shear modulus (G),
Young’s modulus (E ) and Poisson’s ratio (s) are obtained
from results of the calculated single-crystal elastic constants
Cij using the VoigteReusseHill (VRH) averaging scheme
[15]. The VoigteReusseHill approximation gives the effective
values of the bulk and shear moduli. For the cubic system, the
Voigt bounds [16] of the bulk modulus BV and shear modulus
GV are:
BV ¼ ðC11þ 2C12Þ
3
ð1Þ
and
GV ¼ ðC11C12 þ 3C44Þ
5
ð2Þ
The Reuss bounds [17] of the bulk and shear moduli are:
BR ¼ BV ð3Þ
and
GR ¼ 5C44ðC11 C12Þ
4C44þ 3ðC11C12Þ ð4Þ
Finally, the bulk modulus B and shear modulus G, based on
Hill approximation [15] are arithmetic average of Voigt and
Reuss elastic moduli. They are expressed as following:
B¼ 1
2
ðBVþBRÞ ð5Þ
and
G¼ 1
2
ðGV þGRÞ ð6Þ
Young’s modulus (E ) and Poisson’s ratio (s) can be
calculated by using Hill’s elastic moduli (B) and (G), which
are given as:
E¼ 9BG
3BþG ð7Þ
s¼ 3B 2G
2ð3BþGÞ ð8Þ
The calculated results for these moduli and Poisson’s ratio
for the MgRh compound are listed in Table 1. The bulk
modulus is usually assumed to be a measure of resistance to
volume change by applied pressure. From Table 1, it can beseen that the value of the bulk modulus of MgRh compound is
larger, indicating that it has a strong resistance to volume
change by applied pressure. The two constants E and G, are all
that are needed to fully characterize the stiffness of an
isotropic material. The present calculated results of these
moduli demonstrate that the MgRh compound is stiff. The
Poisson’s ratio (s) defined as the ratio of transverse strain to
the longitudinal strain is used to reflect the stability of the
material against shear and provides information about the
nature of the bonding forces. It takes the value: 1 < s < ½.
No real material is known to have a negative value of s. So
this inequality can be replaced with 0 < s < ½. The low value
of Poisson’s ratio indicates a large compression of volume and
when s ¼ 0.5 no volume change occurs. Bigger the Poisson’s
ratios better the plasticity. The present calculated result of the
Poisson’s ratio shows that the MgRh intermetallic compound
is of good plasticity. The s ¼ 0.25 and s ¼ 0.5 are the lower
limit and upper limit for central forces in solids, respectively.
The obtained value of Poisson’s ratio (s) of MgRh is larger
than the lower limit value (s ¼ 0.25), which indicates that the
interatomic forces of MgRh are central forces.
The Zener anisotropy factor (A) is a measure of the degree
of anisotropy in solid [18]. It takes the value of 1 for an
isotropic material. It provides a measure of the degree of
elastic anisotropy, when the A values are smaller or greater
than unity. The Zener anisotropy factor (A) Of MgRh com-
pound is calculated by the following equation:
A¼ 2C44
C11 C12 ð9Þ
As shown in Table 1, that the calculated Zener anisotropy
factor A is larger than 1 for both approximations LDA and
GGA, which indicates that, the MgRh compound is elastically
anisotropic material.
The ratio B/G is a simple relationship related to brittle or
ductile behavior of materials. It has been proposed by Pugh
[19]. A high B/G ratio is associated with ductility, whereas a
low value corresponds to the brittleness. The critical value
separating ductile and brittle material is 1.75. The calculated
results are listed in Table 1. In this work, the obtained results
of both approximations LDA and GGA indicate that MgRh
compound can be classified as ductile material at zero pres-
sure. Another parameter indicating the brittleness or ductility
of the material is the Cauchy relation defined as: CP]
C12eC44. The material is expected to be ductile, if the value of
this expression is positive, on the other hand, if its value is
negative, the material is brittle [20]. At zero pressure, we
found 31.89 GPa and 24.81 GPa for Cauchy pressure within
both the LDA and the GGA approximations respectively. From
these values and according to above criterion, the studied
compound is ductile. Thus, the ductile nature of MgRh com-
pound can be related to a metallic character in its bonds.3.3. Thermodynamic propertiesThe Debye temperature (QD) of a material is a suitable
parameter to describe phenomena of solid-state physics which
Table 2
The calculated density r, the longitudinal, transverse and average sound ve-
locities (vl, vt and vm) calculated from elastic moduli, and the calculated Debye
temperatures QD for MgRh compound.
r (g cm3) vl (m s
1) vt (m s
1) vm (m s
1) QD (K)
This work
LDA 7.4250 5407.90 2825.33 3161.04 389
GGA 7.0835 5323.95 2820.74 3152.76 382
Exp. e e e e e
Other e e e e e
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corresponds in the Debye theory to a maximum phonon fre-
quency. In addition, it reflects the structural stability, the
strength of bonds and it is closely related to many physical
properties such as specific heat and melting temperature. The
Debye temperature basically depends on the elastic constants.
At low temperature the Debye temperature calculated from
elastic constants is the same as that determined from specific
heat measurements. One of the standard methods to calculate
the Debye temperature (QD) is from elastic data, since QD may
be estimated from the average sound velocity vm by the
following equation [21]:
QD ¼ h
kB

3n
4pVa
1
3
vm ð10Þ
where h is Plank’s constant, kB Boltzmann’s constant, n is the
number of atoms per formula unit and Va the atomic volume.Fig. 2. (a). Temperature dependence of the free energy for MgRh. (b). Temperatu
entropy for MgRh. (d). Temperature dependence of the heat capacity at constant vThe average sound velocity in the polycrystalline material is
given by the following equation [22]:
vm ¼

1
3

1
v3l
þ 2
v3t
13
ð11Þ
where vl and vt are the longitudinal and transverse sound ve-
locities of an isotropic aggregate, obtained using the shear
modulus G and the bulk modulus B from Navier’s equation
[23]:
vl ¼

3Bþ 4G
3r
1=2
ð12Þ
and
vt ¼

G
r
1=2
ð13Þ
The calculated Debye temperature (QD) and sound veloc-
ities (vm, vl, vt) as well as the density (r) for MgRh compound
in both approximations LDA and GGA are listed in Table 2.
To the best of our knowledge, there are no experimental and
other theoretical data for comparison, so we consider the
present results as a prediction study for the first time, which
still awaits an experimental confirmation.
In order to evaluate the temperature dependence of the
enthalpy H, free energy F, entropy S, and heat capacity at
constant volume Cv of a crystal in a quasi-harmonic approx-
imation, we need to calculate the phonon density of statesre dependence of the enthalpy for MgRh. (c). Temperature dependence of the
olume for MgRh.
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tions. In this work, the phonon contribution to the free energy
F, to the enthalpy H, to the entropy S and to the specific heat
Cv at temperature for MgRh intermetallic compound, are
shown in Fig. 2. The calculated value of zero point energy at
0 GPa is 0.0808 eV. From Fig. 2(a), we can see that the free
energy decreases gradually with increasing temperature. In
Fig. 2(b) and (c), as temperature increases, the calculated
enthalpy H, and entropy S increase continually. At ambient
temperature, the heat capacity Cv is 10.71 Cal/Cell K and it
tend to the asymptotic limit (so called the DulongePetit limit)
of Cv ¼ 11.80 Cal/Cell K ¼ 3nNkB at higher temperatures, as
is shown in Fig. 2(d). The experimental thermodynamic data
of MgRh cannot be found, therefore it is difficult to evaluate
the magnitude of errors between theory and experiment. Our
calculated results can be seen as a prediction study for future
investigations.
4. Conclusions
In the present theoretical study, the structural, elastic, me-
chanical, and thermodynamic properties of MgRh interme-
tallic compound with a CsCl-type structure have been
investigated by means of the DFT within LDA and GGA ap-
proximations. Our results for the optimized lattice parameter
(a) are in good agreement with the available experimental
data. The elastic constants Cij, and related polycrystalline
mechanical parameters such as bulk modulus B, shear
modulus G, Young’s modulus E and Poisson coefficient s are
calculated. The MgRh compound is mechanically stable ac-
cording to the elastic stability criteria, while no experimental
results of elastic moduli for comparison. The Zener factor A,
the B/G ratio and Cauchy pressure (C12eC44) are also esti-
mated. The calculated Zener factor indicates that MgRh
compound is elastically anisotropic. The values of the ratio B/
G and Cauchy pressure show a ductile manner for the MgRh
compound. Finally, from the knowledge of the elastic con-
stants and the average sound velocities and through the quasi-harmonic Debye model using the calculated PDOS the ther-
modynamic properties have been predicted successfully. The
heat capacity at constant volume of MgRh increases sharply
with temperature at low temperature and it tends to
DulongePetit limit at high temperature.
Acknowledgments
This work is supported by the (ENMC) Laboratory, Uni-
versity Setif 1, Algeria.
References
[1] Changxu Shi, J. Magnesium Alloys 1 (2013) 1.
[2] K.U. Kainer, Magnesium-alloys and Technology, Wiley-VCH, Wein-
heim, 2003.
[3] V.B. Compton, J. Acta Crystallogr. 11 (1958) 446.
[4] M.D. Segall, P.J.D. Lindan, M.J. Probert, C.J. pickard, P.J. Hasnip,
S.J. Clark, M.C. Payne, J. Phys. Condens. Matter 14 (2002) 2717.
[5] P. Hohenberg, W. Kohn, Phys. Rev. B 136 (1964) 864.
[6] W. Kohn, L.J. Sham, Phys. Rev. A 140 (1965) 113.
[7] D.M. Ceperley, B.J. Alder, Phys. Rev. Lett. 45 (1980) 566.
[8] J.P. Perdew, A. Zunger, Phys. Rev. B 23 (1981) 5048.
[9] J.P. Perdew, A. Ruzsinszky, G.I. Csonka, O.A. Vydrov, G.E. Scuseria,
L.A. Constantin, X. Zhou, K. Burke, Phys. Rev. Lett. 100 (2008) 136406.
[10] D. Vanderbilt, Phys. Rev. B 41 (1990) 7892.
[11] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13 (1976) 5188.
[12] T.H. Fischer, J. Almlof, J. Phys. Chem. 96 (1992) 9768.
[13] J.F. Nye, Proprie´te´s Physiques des Mate´riaux, Dunod, Paris, 1961.
[14] K. Tanaka, M. Koiwa, Intermetallics 4 (1996) S29eS39.
[15] R. Hill, in: Proc. Phys. Soc., London, Sect. A 65, 1952, p. 349.
[16] W. Voigt, Lehrbuch de Kristallphysik, Terubner, Leipzig, 1928.
[17] A. Reuss, Z. Angew. Math. Mech. 9 (1929) 49.
[18] C. Zener, Elasticity and Anelasticity of Metals, University of Chicago
Press, Chicago, 1948.
[19] S.F. Pugh, Philos. Mag. 45 (1954) 823.
[20] D.G. Pettifor, Mater. Sci. Technol. 8 (1992) 345.
[21] P. Wachter, M. Filzmoser, J. Rebisant, J. Phys. B293 (2001) 199.
[22] O.L. Anderson, J. Phys. Chem. Solids 24 (1963) 909.
[23] E. Schreiber, O.L. Anderson, N. Soga, Elastic Constants and their
Measurements, McGraw-Hill, New York, 1973.
